As an alternative to a variable displacement pump, a fixed displacement pump can be made to function as a virtually variable displacement unit by using a high-speed valve to pulsewidth modulate the flow, creating a switch-mode circuit. A major drawback of switch-mode circuits is throttling and compressibility energy losses during valve transitions. One method of minimizing these losses is soft switching, where the flow that would normally be throttled across the high speed valve during transitions is absorbed in a small variable volume chamber. The concept for a novel soft switch mechanism that uses the pressure signal at the exit of the pump to release a lock on the soft switch chamber was previously presented. This paper describes the soft switch concept in more detail and outlines a numerical model used to predict and optimize soft switch operation. Experimental results are presented that demonstrate proper operation of the soft switch lock-release mechanism.
compressibility [3] . Of those five loss mechanisms throttling across the high speed valve accounts for 15 -60% of the total energy losses in the system depending on circuit and valve designs [4, 5] . Rannow and Li proposed using a soft switch to absorb the flow that would normally be throttled across the partially opened high speed valve during valve transitions [6] . The soft switching approach helps address the throttling and compressibility losses since the flow rate across the valve during the transitions is lowered, which results in less fluid compression and decompression in the switched volume.
The soft switch concept as described by Rannow and Li is a small spring-loaded piston cylinder device that has an externally actuated lock at an intermediate location of the piston travel. One major challenge that has made the soft switch concept difficult to implement is the need for precise external electromechanical locking/unlocking components. A novel soft switch was proposed by Van de Ven that solves the problem of precise timing of the piston release by controlling the unlocking of the piston via the balance of pressure forces on the front and back of the piston [7] .
The first two sections of this paper describe the basic operation of the soft switch and its associated locking mechanism. The next section outlines the design and testing of the physical system with emphasis on parameters that allow for easy cross-test comparison. The last section provides details on actual soft switch operation and system efficiency. 
NOMENCLATURE

CONCEPT
The concept as proposed by Van de Ven [7] will now be outlined, including a description normal operation. Fig. 1 shows the proposed soft switch mechanism. The piston has an internal port that connects the right side of the piston to the annulus in the middle of the piston. It is seated in the left end of the cylinder via a compression spring on its right side. The cylinder has an annular port that transitions to circular ports that align with the piston annulus as the piston is displaced to the right. In order to understand the locking mechanism operation, consider a virtually variable displacement pumping circuit that utilizes a high speed 3-way valve and the soft switch, as shown in Fig. 2 . The left or front side of the soft switch cylinder is connected to the switched volume, while the annular cylinder port is connected to tank, and the right or back side of the soft switch cylinder is connected to tank and the high pressure rail via check valves. At the beginning of the switching cycle the 3-way valve is in the tank position and the soft switch is empty with the piston seated to the left. When the 3-way valve is transitioning from tank to load, the pressure in the switched volume begins to rise, causing the piston to move slightly to the right and compress the fluid on the right side of the soft switch piston. When the 3-way valve completes its transition to load, the piston remains stationary, other than movement due to leakage. As the pressure port begins to close, the pressure in the switched volume exceeds the high pressure rail, causing the pressure check valve to open and the soft switch piston to displace. When the piston has displaced to the point where the annulus on the piston aligns with the annulus on the cylinder, a sudden decrease in pressure on the back side of the piston occurs, unlocking the piston. The soft switch then rapidly absorbs flow at tank pressure, which minimizes the throttling losses that would normally be incurred as the 3-way valve transitions back from load to tank. Once the 3-way valve has completely opened to tank, the spring forces the piston back to the left, which sends the fluid inside the soft switch to tank, while fluid enters the back side of the soft switch from tank. Now that the piston is reseated, the next switching cycle can begin. Rannow and Li originally proposed a two-state soft switch that absorbed flow during both transitions [6] . Van de Ven expanded upon this by proposing two soft switch chambers, one passive and the other active, to absorb both 3-way valve transitions separately [7] . The two switch chambers would be placed in parallel in the switched volume line with the passive switch optimized to absorb the flow during transitions to load, and the active switch unlocking and absorbing flow during the transitions back to tank. Though the dual soft switch approach has been shown in simulations to offer higher efficiencies, since the purpose of this work is to show the feasibility of the unlocking mechanism it was not implemented in this work.
NUMERICAL MODEL
A dynamic model of the soft switch with proposed release mechanism was given by Van de Ven [7] . This section reviews and builds upon the model previously presented. The pump is assumed to be a constant flow source and the accumulator allows the load line to maintain constant pressure. All fluid conductors between components are assumed to behave ideally, with resistances and inertia being negligible.
The pressures in the switched volume and behind the soft switch are derived using the definition of the fluid bulk modulus, / , with the switched volume pressure shown in Eqn.
(1) and the pressure behind the soft switch shown in Eqn. (2) .
where is the flow rate out of the pump, , and
, are the flow rates through the 3-way valve to load and tank respectively, , is the leakage flow rate from the switched volume to the locking port, is the cross-sectional area of the piston, and are the velocity and position of the piston respectively, and is the switched volume.
where , and , are the flow rates through the tank and load check valves respectively, is the flow rate through the locking port,
, is the leakage flow rate from the back of the soft switch to the locking port, is the volume behind the piston, and is the dead volume behind the piston. Notice that though leakage past the piston is considered, the leakage flow past the high speed valve is considered to be negligible. The effective bulk modulus is calculated using Eqn. (3), developed by Cho et al. [8] . (3) where is the bulk modulus of air free oil, is the atmospheric pressure, is the ratio of specific heats for air, is the volume fraction of air entrained in the oil.
The flow rate through the 3-way valve is modeled using the orifice equation with an open area that varies with time. If the valve is switched to tank, the flow rate is described as:
where is the discharge coefficient, is the 3-way valve tank port area, plotted as a function of time in Fig. Figure 3 , is the mass density of oil, and is the tank pressure. If the valve is switched to load, then the flow goes through the 3-way valve and a check valve, so the flow is affected by both in series. The check valve is assumed to open and close instantaneously when the difference in pressures across it reaches the cracking pressure. As a result of the check valve, flow is only allowed through the 3-way valve when the check valve is cracked. This flow rate is described as: The 3-way valve has a circular tank port, and a rectangular pressure port, which were measured to determine the maximum open area at the extreme displacement conditions. Though the tank port is circular, the valve spool does not displace enough in that extreme position to fully open the port, effectively changing the port area to a partial circular opening. It is also assumed that the spool transitions at a constant velocity. During the spool transition there is also a 0.127 mm travel length where neither port is open. Note also that the actual duty ratio of the valve is less than the command signal (60% duty in this case) because the delay between the time the solenoid valve transition signal is sent and the valve begins to transition to load is larger than the delay for the valve transition to tank. Fig. Figure 3 incorporates an approximate 3-way valve delay based on the delay seen in experimental data. The flow rates through the check valves (Eqns. (6) and (7)) connected to the back of the soft switch are calculated using the orifice equation, and the check valves are assumed to have no leakage flow when they are fully seated.
where , and , are the area and cracking pressure respectively of the load check valve, , and , are the area and cracking pressure respectively of the load check valve.
The flow through the locking port to tank is also modeled using the orifice equation (Eqn. (8) when the open area is greater than zero.
where is the area of the locking port. The locking port area depends on the location of the soft switch piston. When the piston reaches the unlocking distance it begins to simultaneously open up to 6 circular ports to tank. When the piston reaches its extreme displacement condition the ports to tank have begun to be blocked again, rendering their profiles part circles. The diameter of the circular port is 5.08 mm, so the fully open port area is 121.6 mm 2 . Leakage flow past the soft switch piston can be described by assuming laminar flow between parallel plates. There are two leakage paths between the piston and cylinder. The first is from the back of the soft switch to the unlocking port on the cylinder, which can be divided into two sections. The first section flows from the right side of the piston to the tank port, while the other flows from the unlocking annulus of the piston to the tank port. Combining those flows gives the total leakage from the back of the soft switch to the unlocking tank port (Eqn. (9)). The other leakage flow (Eqn. (10)) goes from the front of the piston to the unlocking annulus of the piston. 
where is the diameter of the piston, is the clearance between the piston and cylinder, is the dynamic viscosity of the fluid, , , , , and are the lengths of the leakage paths from the piston annulus, the back of the piston, and the front of the piston to the cylinder tank port respectively.
The velocity (Eqn. (11)) and position (Eqn. (12)) of the piston are found using Newton's second law, considering viscous shear of the fluid as a damping term. The displacement of the piston is limited to a range from 0 to , via conditional statements.
(11) (12) where and are the preload and rate of the spring respectively, is the length of the piston in contact with the cylinder, and is the mass of the piston. The check valves ported to the volume behind the soft switch piston are poppet style and have velocities (Eqns. 13a and 13b) and positions (Eqns. 14a and 14b) calculated in the same manner as the piston, with displacement limits given by conditional statements from 0 to , and 0 to , .
, ,
where , , , , , , and are the spring rate, displacement, velocity, diameter of the poppet, thickness of the poppet, clearance between the poppet and body, and mass of the poppet respectively for both load and tank check valves.
The open areas of the check valves behind the soft switch are cylindrical in shape, with length given by the displacement between the poppet and its respective seat, and circumference given by the circumference of the poppet.
PHYSICAL DESIGN AND EXPERIMENTAL METHODS
The following section briefly presents an optimization that was done for the soft switch parameters, followed by a presentation of the physical implementation of the soft switch. The methods for validating the functionality of the soft switch locking mechanism are then described.
The numerical model described by Van de Ven [7] , which is similar to the one described in this work, was used to optimize the design of a soft switch for a similar circuit architecture. Van de Ven [7] used a grid search method with the objective being to minimize the energy loss per second of operation. The energy loss per second of operation is calculated by subtracting the energy going to load from the energy delivered from the pump. The parameters that were varied were piston radius, maximum piston displacement, preload of the compression spring, and unlocking distance, with check valve parameters, switching frequency, and duty ratio being held constant. The optimized parameters shown in Table 1 were used as a starting point in determining dimensions for a proof of concept soft switch. An examination of the model shows that the soft switch is very sensitive to operating parameters. The radial clearance, maximum displacement, spring preload, spring rate, and unlocking distance of the piston all need to be tuned to ensure that the soft switch behaves correctly. It was determined that in order to validate the function of unlocking mechanism, it would be necessary to make as many of the soft switch parameters variable as possible. This necessitated an increase in size of the soft switch from the optimized values. The model was used to ensure that as the scale of the soft switch components increased, functionality would remain. Table 2 includes the new dimensions and operation parameters of the larger soft switch components.
To facilitate an understanding of how the soft switch components interact, the soft switch can be seen in its fully assembled state in Fig. 4 . The piston is manufactured out of austenitic stainless steel. A magnet is embedded on the left side of the piston along the centerline, to generate a magnetic field that is used to determine piston position. There is a large bore on the right side of the piston large enough for the compression spring to reach the bottom and seat the piston. There are a number of shims seated under the right side of the compression spring to change the precompressive force on the piston. The set screw on the right adjusts the maximum displacement of the piston by providing a physical stop to its movement. The piston travels inside a bronze sleeve, the position of which is adjustable with shims to change the unlocking distance of the piston. The sleeve is seated inside an aluminum body with ports on the right top and bottom that lead to the check valves, a port in the middle on the bottom to tank, and a port on the left enabling the whole aluminum block to be connected directly to the switched volume via the 3-way valve body. An image of the test circuit with component labels can be seen in Fig. 5 . Component part numbers and specifications can be cross-referenced in Table 3 . The variable displacement axial piston pump has a pressure compensator on it that has been defeated so that for these tests the pump is behaving as a fixed displacement source. Notice that the switched volume is minimum by mounting the 3-way valve and soft switch directly to the pump. This minimized switched volume decreases the magnitude of the compressibility losses within the system. For this same reason the check valves from/to the back of the soft switch are mounted in the soft switch manifold to decrease dead volume behind the piston. The 3-way valve is controlled via a transistor circuit (not pictured) emitting 24 volts to the valve solenoid at the duty ratio given in Table 2 . In order to determine if the pressure signal controlled locking mechanism operates as expected, two test cases were run. The first test case uses the pulse width modulated pumping circuit shown in Fig. 2 . The second test case is a control case that utilizes the same hydraulic circuit with the soft switch in place but with the piston completely locked at zero displacement.
If the soft switch is unlocking correctly, a small portion of the flow that normally goes to the load in a PWM system without a soft switch will be absorbed by the soft switch and then flow to tank. This effectively reduces the duty ratio of the circuit. In order to compare the efficiencies of the two test cases, their flow duty ratios, which are defined as the flow rate reaching the load divided by the flow rate of the pump, need to be the same. This necessitates a decrease in the valve duty ratio for the control case. A summary of the test parameters for both cases is viewable in Table 2 .
RESULTS
This section will describe a prediction of the soft switch operation in the described virtually variable displacement circuit. These predictions will be compared to the results of the two test cases described in the previous section.
The parameters listed in Table 2 for the numerical model with soft switch unlocked were used in the model developed in Section 3. The model was run for multiple cycles to reach cyclic steady-state and then compared to the physical system. The model predicts the piston displacement seen in Fig. 6 . At 0.19 seconds the piston begins to displace as a result of the 3-way valve transitioning from load to tank. The switched volume pressure continues to rise until the forces on the front and back of the soft switch balance each other. Notice that the piston continues to displace, and then as the 3-way valve transitions back to tank the piston reaches the unlocking distance and quickly absorbs the flow. It is then reseated in preparation for the next switching cycle. When the experimental system is run with the same parameters as the simulation, a similar piston trajectory is traced. Fig. 7 overlays the results of the physical test with the simulation results. The first portion of the piston displacement is similar, but as the piston reaches the unlocking distance the profiles differ. The simulation predicts that once the piston is unlocked displacement will occur much faster than is seen in the physical system. It is interesting to note that the reverse is true for piston reseating, with the physical system reseating at a much faster rate than predicted. Fig . 8 compares the piston trajectory and switched volume pressure as a function of time for the physical control and soft switch test cases. Notice that the command duty ratios are different between the two cases in order for them to have similar flow duty ratios. In both cases the switched volume pressure builds to approximately the same value at the same rate. Notice the large pressure spike in the control case, which is a result of the 3-way valve transitioning back to tank. During this transition, fluid is being throttled across the 3-way valve with a high pressure differential, while in the soft switch case that pressure spike is completely eliminated. The efficiency of each virtually variable displacement circuit test/simulation can be calculated by taking the ratio of the energy going to load per cycle (Eqn. 15) to the energy provided to the system by the pump per cycle (Eqn. 16). The energy analysis shown above shows that the circuit with the soft switch locked is 66.3% efficient at a flow duty ratio of 31.1%, while the soft switch circuit is 64.9% efficient at a flow duty ratio of 32.2%.
DISCUSSION
The results illustrate that the soft switch lock-release mechanism functions as designed, absorbing flow during the pressure to tank 3-way valve transition. In Fig. 8 , it can be seen that the piston displacement increases gradually during the onstate due to leakage and then rapidly absorbs unlocks and absorbs flow during the valve transition. This eliminates the pressure spike and throttling loss that would otherwise occur (as seen in the control case).
Unfortunately it appears that while operating under the test parameters used in these experiments that system efficiency is not being increased. Looking at the previous optimization and energy loss analysis completed by Van de Ven [7] these results are not un-expected. It is shown in that work that for the circuit setup used in this proof of concept, the efficiency of the system compared to the check valve control case is not very different. However, when using both passive and active soft switches, the potential energy savings is 66% over a baseline relief valve circuit [7] . Another point to remember is that in prior analysis the soft switch was operating under optimized parameters, which is not the case in this work.
There are a few sources of measurement error associated with these trials that should be noted. When measuring the flow rate of the pump it would be ideal to gather flow information from downstream. In this case the Coriolis meter was placed between the tank and the pump in an effort to keep the switched volume of the circuit as low as possible, which allows for better soft switch behavior. There is some uncertainty about the 3-way valve spool position during the switching cycles since there is a delay in the solenoid receiving the transition signal and it overcoming the inductance of the coil enough to displace the spool. Future work will resolve that uncertainty by creating a valve position profile, which in turn will allow for more accurate model predictions of the valve transitions.
The gear flow meter measured the load flow rate, but the gears have enough inertia that small flow pulses were not detectable. This error was mitigated by the accumulator on the load line which results in the load line being the location with the most stable flow.
Perhaps the largest and most difficult measurement errors to handle are associated with the position sensing of the soft switch. The position sensor operates by sensing the angle of any nearby magnetic fields. A magnet was embedded in the piston, which was made of austenitic stainless steel, which is almost completely nonmagnetic. Most of the other components surrounding the piston were made of materials that are nonmagnetic, but the proximity of the solenoid for the 3-way valve presented a significant challenge. It was found that the output of the sensor could be calibrated to remove the predictable effects of the magnetic field of the solenoid increasing and then collapsing. Each new position of the sleeve and change in duty ratio or switching period of the valve requires a separate calibration. In the end the position of the piston is known with only relative certainty.
CONCLUSIONS
The soft switch locking mechanism behaves as expected. The model presented in this paper does a fair job of predicting the function of the circuit under different parameters. However, more work is required in order to bring the model and experiments into better agreement.
Though the locking mechanism operates, the parameters in this study do not allow it to operate in a manner that increases the efficiency of the system compared to a normal PWM circuit. The design of the soft switch and model together will give more understanding about which parameters most affect operation and therefore which parameters need to be focused on in further optimization and design.
